Global Positioning System GPS Technology allows precise determination of location, velocity, direction, and time. The price of GPS receivers is falling rapidly and the applications are growing. PCMCIA receivers that can be connected to any notebook personal computers are available for $300-400 to end consumers. The main goal of this study was to survey current applications of GPS to distributed systems and networks. While GPS is appearing in the computer magazines very often and while many computer companies have announced GPS related e orts, most such e orts are in providing navigational guidance to drivers. Digitized city maps along with a GPS sensor on a mobile computer provide directions to drivers. A number of consortiums have been formed by companies such as IBM, Apple, Toshiba, Sony, and others. Currently, applications of GPS for distributed computation and networking are limited to measuring delays in Wolter and Golderman's DA-30 network analyzers and in clock synchronization in synchronous optical networks SONET used in telecommunication networks. We h a v e identi ed twenty new applications of GPS for distributed computing and networking. These applications include circuit switching using synchronized clocks, synchronous slotted systems, clock synchronization in distributed systems, database synchronization, connectionless real-time communication, one-way delay, delay based routing, time to live, resource location, location adaptive protocols, home vs o ce vs car, electronic fence, hando s in wireless networks, prescheduled hando s based on velocity and direction, adaptive transmission power control algorithms, directional antennas, temporary cell partitioning for congestion avoidance, peer-to-peer routing with limited range receivers, email delivery based on geographic location, distributed robot control and navigation, and equipment location marking for maintenance crew. There two main obstacles to applications of GPS. First is that GPS antennas must point to open sky. They cannot beused directly inside a building. Unless this is avoided by new antenna designs or by rebroadcasting GPS data inside a building, the use of GPS techniques is limited to improving the performance of distributed systems rather than proper operation. This is similar to cache memories in computer systems. Systems can operate without cache but perform better with cache. The second obstacle is the psudo-random noise introduced 1 We w ould like to thank 3COM Corporation for partially sponsoring this pro ject.
9.9 Tracking of Wild Animals : : : : : : : : : : : : : : : : : : : : : : : : : : : : 15 9.10 GPS Aides for the Blind : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 15 9.11 Recorded Position Information : : : : : : : : : : : : : : : : : : : : : : : : : : 15 9.12 Airborne Gravimetry : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 15 9.13 Other Uses : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 15 10 Commercial E orts 16 10 Global Positioning Systems GPS are space-based radio positioning systems that provide time and three-dimensional position and velocity information to suitably equipped users anywhere on or near the surface of the earth and sometimes o the earth. Concept of satellite navigation was rst conceived after the launch of Sputnik 1 in 1957 when scientists realized that by measuring the frequency shifts in the small bleeps emanating from this rst space vehicle it was possible to locate a point on the earth's surface. The NAVSTAR system, operated by the US Department of Defense, is the rst such system widely available to civilian users. The Russian system, GLONASS, is similar in operation and may prove complimentary to the NAVSTAR system. Current GPS systems enable users to determine their three dimensional di erential position, velocity and time. These systems will change our lives in many w a ys. By combining GPS with current and future computer mapping techniques, we will be better able to identify and manage our natural resources. Intelligent vehicle location and navigation systems will let us avoid congested freeways and nd more e cient routes to our destinations, saving millions of dollars in gasoline and tons of air pollution. Travel aboard ships and aircraft will be safer in all weather conditions. Businesses with large amounts of outside plant railroads, utilities will beable to manage their resources more e ciently, reducing consumer costs.
Principles of GPS
The GPS satellites broadcast signals, which contain information enough to compute the distance x of the location from the satellite. Once the distance is known, the point in question can be anywhere on a circle of radius x in 2-D and sphere in 3-D with the satellite as the center. By knowing the distance from another satellite, the possible positions of the location are narrowed down to two points Two intersecting circles have two points in common. To distinguish between the two locations, distance from another satellite can be computed or the ridiculous answer can beeliminated. This assumes a precise clock at the GPS receiver. Inaccuracies in the clock can lead to erroneous results if using two satellites or inconsistent equations if using three. To over come this limitation, the distance from three satellites are computed and algebraic laws are applied to achieve the correct position. Accurate 3-D measurements require four satellites. To a c hieve 3-D real time measurements, the receivers need at least four channels. Receivers equipped with only one channel have to measure the distance sequentially from multiple satellites and can take 2 to 30 seconds. For further details on the working of GPS, see 15 . 3 NAVSTAR Global Positioning System NAVSTAR is a constellation of 24 satellites 3 of which are spare orbiting the earth at a height of 10,900 nautical miles with an orbital period of 12 hours and a planned life-span of 7.5 years. These orbits are inclined 55 degrees to the equatorial plane. In any event, the constellation will provide a minimum of four satellites in good geometric positions. Up to 10 GPS satellites are normally seen assuming a 10 degree elevation. The satellites are equipped with several cesium clocks, which provide high timing accuracies. The satellites are in synch with each other. Positional accuracy of 100 meters, timing accuracy of 300 nanoseconds and frequency accuracies of a few parts in 10 12 can be obtained. These accuracies are achievable with the selective availability arti cial degradation in e ect. Each satellite transmits on two L band frequencies, L1 1575.42 MHz and L2 1227.6 MHz. L1 carries a precise P code and a coarse acquisition C A code. L2 carries the P code. The P code is normally encrypted so that only the C A code is available to civilian users; however, some information can be derived from the P code. Incidentally, when P code is encrypted it is known as Y code. A n a vigation data message is superimposed on these codes. The same navigation data message is carried on both frequencies. There have been three distinct groups of NAVSTAR satellites so far. The groups are designated as blocks. The block I satellites were intended for system testing. The block II satellites were the rst fully functional satellites, including cesium atomic clocks for timing as well as the ability t o implement selective availability. The latest satellites, the block IIR versions, include autonomous navigation. Satellite operating parameters such as navigation data errors, signal availability anti-spoof failures, and certain types of satellite clock failures are monitored internally within the satellite. If such internal failures are detected, users are noti ed within six seconds. Other failures may take from 15 minutes to several hours to rectify. Some receivers compute an estimated gure of merit, which indicates the con dence level of the position information. The development o f i n tegrity capabilities to meet safety requirements of various applications is underway. Each satellite has two identifying numbers. First is the NAVSTAR numberwhich identi es the speci c satellite hardware. Second is the space vehicle SV number. This number is assigned in order of launch. The third is the pseudo-random noise code number PRN. This is a unique integer number which is used to code the signal from that satellite. Some receivers identify the satellites that they are listening to by SV, others by PRN. The NAVSTAR system is sponsored by the Department of Defense to provide two sets of services SPS and PPSexplained next. SA is the intentional degradation of the SPS signals by a time varying bias by the DOD to limit accuracy for non-US military and government users. The potential accuracy of the C A code is around 30 meters, but it is reduced to 100 meters. The SA bias on each satellite signal is di erent, and so the resulting position solution is a function of the combined SA bias from each SV used in the navigation solution. Di erential corrections must be updated at a rate less than the correlation time of SA and other bias errors.
Di erential GPS
Di erential GPS DGPS is a method of eliminating errors in a GPS receiver to make the output more accurate. This process is based on the principle that most of the errors seen by GPS receivers in a local area will becommon errors. These common errors are caused by factors such as clock deviation, selective a v ailability explained in Section 3.3, drift from predicted orbits, multipath error, internal receiver noise and changing radio propagation conditions in the ionosphere. If a GPS receiver is placed at location for which the coordinates are known and accepted, the di erence between the known coordinates and the GPS-calculated coordinates is the error. This receiver is often called a base station." The error, which the base station has determined, can be applied to other GPS receivers called rovers". Since the sources of the error are continuously changing, it is necessary to match the error correction data from the base station very closely in time to the rover data. One way of doing this is to record the data at the base station and at the rover. The data sets can be processed together at a later time. This is called post processing and is very common for surveying applications. The other way is to transmit the data from the base station to the rover. The error calculation is made in the rover in real time. This process is called real-time DGPS. Di erential GPS o ers accuracies of a few meters better than the military's precise positioning service. It also facilitates detection of erroneous signals from the satellites. Currently commercial services exist for getting real time di erential data. Development of DGPS services is one of the options considered by the Joint DOD DOT task force on the issue of GPS-standard position service accuracy. 5 Other Radio Navigation Systems
GLONASS
The GLONASS constellation is composed of 24 satellites, eight in each of three-orbital planes. The satellites operate in circular 19,100 km orbits at an inclination angle of 64.8 degrees and with a 11-hour, 15 minute period. Each satellite transmits on two L frequency groups. The L1 group is centered on 1609 MHz while the L2 group is centered on 1251 MHz. Each satellite transmits on a unique pair of frequencies. The GLONASS signals carry both a precise P code and a coarse acquisition C A code. The P code is encrypted for military use while the C A code is available for civilian use.
LOng-RAnge Navigation LORAN-C
Loran was one of the earliest and the most successful systems for ground-based radio navigation. Two v ersions are currently in operation: Loran C, which serves civilian users and Loran D, which serves the military. These are medium to long range, low frequency time-di erence measurement systems. A master and usually up to four secondary transmitting stations put out a set of radio pulses centered on 100 kHz, in a precisely timed sequence. The receiver measures the di erence in arrival time between these transmissions from di erent stations and estimates the position. Loran C transmissions can beworked out to ranges over 1500 kilometers from master stations, providing accuracies of 100 to 500 meters. Shorter range accuracies of better than 30 meters are also available.
TRANSIT
Transit was the rst operational satellite navigation system. Developed by Johns Hopkins Applied Physics Laboratory, the system was intended as an aid to submarine navigation. The Transit system allowed users to determine position by measuring the Doppler shift of a radio signal transmitted by the satellite. Users were able to calculate position to within a few hundred meters as long as they knew their altitudes and the satellite ephemeris.
The system has several drawbacks. First, the system is inherently two dimensional. Second, the velocity of the user must be taken into account. Third, mutual interference between the satellites restricted the total number of satellites to ve. Thus, satellites would only be visible for limited periods of time. These drawbacks pretty much eliminate aviation applications and severely limit land-based applications.
Timation
Developed in 1972 by the Naval Research Laboratory NRL, Timation satellites were intended to provide time and frequency information. The original satellite ew with stable quartz crystal oscillators. Later models ew with the rst space-borne atomic clocks. The third satellite acted as a GPS technology demonstrator.
Low-altitude Satellites
Experiments are also being proposed to place GPS receivers on low altitude satellites with various other sensing devices such as laser altimeters and synthetic aperture radar. This could greatly reduce the cost of determining position.
Accurate Time using GPS
Internally in the NAVSTAR system, time is kept as GPS time. GPS Time began on January 6, 1980 and is referenced in GPS weeks and seconds. GPS time is a composite time composed of the times of all available satellite and monitor station clocks. It is monitored by the GPS Operational Control System and by the US Naval Observatory and is steered to keep it within 1 microsecond of UTC. However, leap seconds are not inserted so GPS time lags behind UTC. The exact di erence is provided as constants in the GPS navigation message. By using the information given in the NAVSTAR message, the user can infer UTC time via GPS with a precision of better than 340 nanoseconds 95 probability using the standard positioning service and 100 nanoseconds using the precise positioning service. GPS can be used to determine accurate time globally. The GPS time system has a constant o set of 19 seconds with the International Atomic Time IAT. GPS belongs to the dynamic system achieved by the atomic time scales. Inexpensive GPS receivers operating at known positions provide a timing accuracy of about 0.1 microsecond with only one satellite in view. With more sophisticated techniques, one can globally synchronize clocks precisely. Presently achievable accuracy of time via GPS is some tens of nanoseconds, however one nanosecond is considered possible. Ultra precise time transfer is possible few nanoseconds but requires advanced preparation, coordination of the two sites and tracking of speci c satellites during speci c time periods.
Time and Frequency Alternatives
In the United States, National Institute of Standards and Technology NIST and US Naval Observatory USNO provide services to calibrate frequency references to the internationally accepted de nition. NIST provides WWV and WWVH radio broadcast stations accurate to one millisecond of UT1 and WWWVB broadcast stations 2 to 3 parts in 10
11
. USNO provides Loran-C LOng RAnge Navigation a land based radio navigation system. Loran-C transmissions are also used for time dissemination and frequency reference purposes. Typically frequency accuracies of 1 part in 10 12 and time accuracies of better than one microsecond can beachieved. Both USNO and NIST provide telephone voice messages accuracy 30 milliseconds, computer modem time transfer several milliseconds and remote synchronization of time bases 1 part in 10 9 .
GPS Data Format Standards
If the user desires improved accuracy at the time the equipment is being used, real-time processing must be employed. For real-time processing, special formats are employed. There are two predominant formats currently being employed. NMEA-0183 is a data format standard commonly employed for communications between ship-borne navigation electronics. GPS receivers output this format but do not accept it. The second format, RTCM-104 is an attempt by the Radio Technical Commission for Maritime RTCM Services to standardize DGPS operation. The standard is the result of a request by the Institute of Navigation to the RTCM to develop recommendations for DGPS transmission. The RTCM formed Special Committee 104 titled Di erential NAVSTAR GPS Service." Version 2 of this service is used by many beacon systems including the US Coast Guard system. Version 2.1 includes additional information for the transfer of real-time kinematic data.
Time Synchronization Techniques
Categories of time synchronization techniques currently employed are absolute time synchronization, clock y-overs, common view mode, and multi-satellite common view mode. With absolute time synchronization a special time synchronization receiver picks up the signals from a single GPS satellite as it travels overhead. With this simple technique accuracies of about 100 nanoseconds with S A o and 300 nanoseconds with S A on are feasible. When clock y-overs are used, the satellite swings up over the two sites, one after the other. As it passes over each site, careful clock synchronization operations are performed to determine for each ground based clock relative to the satellite. Under typical conditions this mode yields a clock synchronization error of around 50 nanoseconds. The common view mode can beimplemented when two distant sites have direct line-of-site access to the same GPS satellite at the same time. This mode yields synchronization errors of 10 nanoseconds or less. The multi-satellite common view mode involves four or more satellites that are being observed simultaneously from the two di erent clock sites. Experts believe that they can achieve synchronization errors as small as 1 nanoseconds.
9 Current General Applications of GPS GPS is coming in wide use. With increasing sales volume, the costs are coming down and new applications are being reported in the news everyday. However, very few applications of GPS in distributed systems and networking have been reported. Before discussing them, it is useful to take a brief look at other applications. These can provide us new ideas about computer applications.
Frequency Counters
GPS receivers can be optimized for frequency and time applications. Accurate frequency counters, time interval counters, frequency calibrators and phase comparators can bebuilt using the GPS technology. Accurate frequency and timing o set measurements can be made. The GPS clock module of the Stellar GPS Corporation now Absolute Time Corporation is a L1 C A GPS receiver optimized for frequency and time applications. The GPS clock provides the user with a very stable 10 MHz reference frequency. In the GPS clock, one pulse persecond signal exhibits an RMS pulse-to-pulse jitter of 1 nanosecond rather than 20 to 60 nanoseconds observed on 1 pps outputs from time based GPS receivers. It has the capability to do frequency timing o set measurements timing resolution is 5 nanoseconds and frequency resolution of one in 10 12 19 .
Intelligent Vehicle Highway Systems IVHS
IVHS will combine GPS technology with communications, controls, navigation and information systems to improve highway safety, ease tra c congestion, and reduce harmful environmental e ects.
Car Navigation Systems
A car navigation system uses a specialized computer that use the signals from GPS satellites to track the driver's progress on a digital map. It may provides services like the shortest route, etc. This is the most publicized application of GPS.
Geographic Information Systems GIS
GPS technology is used extensively in geographic information systems. These systems combine cellular data networks for communication, GPS for vehicle location, and geographic information system tools for mapping display. Use of GPS in GIS will permit state and local governments to more e ciently coordinate roadway maintenance and construction in rural areas, provide e cient ways of maintaining roadway databases, and maintain accident inventories.
Emergency Systems
GPS technology is being used to develop emergency messaging products. With the aid of a wireless communication link, the emergency system communicates the GPS derived position information and the speci cs of the situation to the base station. GPS based car alarms with GPS to locate stolen cars are being considered by the automobile industry. Several other emergency products exist currently.
Aviation
GPS technology is being applied in aircraft safety systems, air tra c control system, and zero visibility landing. GPS technology can be used to plot aircraft altitude to a pitch of one-tenth of one degree. In future, pilots will do more monitoring, while computers will issue air tra c instructions. This is expected to reduce the number of people required in the control tower and cockpit.
Astronomical Telescope Pointing
Astronomers attempt to observe the occultation of stars by asteroids. This allows them to determine the sizes and shapes of asteroids. To observe these events, astronomers have to use mobile telescopes placed in the predicted path of the shadow. The Odetics GPStar 325 GPS receiver feeds coordinates to a MicroVAX II computer that then aims the telescope at the asteroid. Timing signals from the GPS receiver are used to discipline a crystal oscillator that is used to time the event. 11 9.8 Atmospheric Sounding using GPS Signals Radio occultation techniques allow researchers to make observations about planetary atmospheres. During the Mariner and Voyager missions, spacecraft trajectories were planned so that radio signals from the spacecraft would transect a planets atmosphere. Earth-based receivers were able to detect phase changes in the radio signals based on the refractivity of the atmosphere.
By placing a GPS receiver in low earth orbit, hundred occultations of GPS signals could be observed every day. Information obtained in this fashion could include atmospheric refractivity, density, pressure temperature and humidity.
Tracking of Wild Animals
Animals are equipped with GPS receivers and with wireless transmitters. The GPS determined position is transmitted to the control station. This information is used to track animals and for studying their nomadic patterns.
9.10 GPS Aides for the Blind GPS determined position can beused to locate a users position on a digitized geographical maps. Real time GPS along with digitized maps and possibly audio capability can provide useful navigational capabilities to the blind.
Recorded Position Information
The recorded GPS position information can beused in a variety of ways. Some of the uses are to track executives, to determine charges highway toll, charge depending on place of visit, to search for stolen items cars, to study the migratory patterns animals, to validate legal claims, etc.
Airborne Gravimetry
Kinematic GPS techniques can be used to accurately position airplanes in ight. If the position of the airplane, and more importantly its vertical acceleration and tilt can be monitored with GPS, airborne gravimetric measurements can be corrected for non-gravitational accelerations. Airborne gravimetric data can be used for scienti c research and natural resource exploration.
Other Uses
Some of the important applications of GPS technology are surveying, navigation of missiles, electric power synchronization, agriculture, forestry, census taking, and backpacking emergency systems, and natural resource management.
Many commercial e orts for using the GPS technology in innovative ways have been announced. A few of the e orts are described brie y here.
Motorola
The Cellular Positioning & Emergency Messaging Unit communicates GPS-determined vehicle position and status. It is 6 inches by 5.5 inches by 2 inches, weighs 16 ounces and has a DB25 cellular interface. Its serial communications are RS-232 with RTS 9600 baud. Motorola has also developed Traxar hand-held navigational computer.
Seiko Communications
Seiko has announced global wireless information services using FM radio. The transmissions include di erential GPS data.
Fujitsu
The Car Marty, vehicle multimedia device $2,640, consists of a main system box, a CD player, and a 5.6-inch color TV monitor supports TV programs. All the software for the device is provided on CD-ROMs or IC integrated circuit cards. The unit provides navigation based on the GPS data.
Sony Mobile Electronics and Etak Inc.
They have introduced a computerized navigation system for automobiles. A car's location shows up on a detailed map. It runs on laptop computers and requires a PCMCIA compliant attachment that processes data from GPS satellites. Drivers can pinpoint their location and track their driving progress in real time. Etak provides software for the maps as well as information on restaurants, hotels, entertainment and shopping in local areas. The system, which will sell for around $2,200, includes a map disc player, a GPS antenna, a ve-inch, color LCD display and a wireless remote control. The disc player, which plugs into a cigarette lighter, integrates an eight-channel parallel GPS receiver and a CD-ROM drive.
Penstu & Trimble Navigation
These two companies have developed GPS standard for PenPoint. By combining GPS technology with pen computers, users can pinpoint their location in terms of latitude, longitude and altitude.
DeTeMobil
They plan to have GPS receivers in all cars in Germany. It will facilitate paying of tolls using smart cards and GSM digital phone.
Monterey Bay Aquarium Research Institute
Their ship-shore WAN includes a remotely operated vehicle node. Here, GPS technology is used for location information.
Ford
Ford is planning the use of GPS based car alarms to locate stolen cars, to track v ehicles, and to recover vehicles. They also plan to develop GPS devices for tra c control, navigation, and mapping.
PacTel Cellular Wireless & Wireless Solutions Inc
They are developing vehicle tracking and location devices. 
Avis
Avis is testing GPS navigational aids in rental cars in NYC area.
Toshiba
Toshiba has also developed a portable navigation system.
Tusk Inc
Tusk 386 is an all terrain supertablet pencomputer with GPS.
Qualcomm
Developed a GPS data link systems for ight test and training ranges. 
SONET Clock Distribution
Synchronous Optical Network SONET is the transmission technology used by the phone company to transmit high-speed signals over ber. The method is synchronous and, therefore, requires that clocks at various nodes bekept closely synchronized. Currently, SONET uses out-of-band clock distribution to keep clocks at various nodes synchronized. In networks there is a need to accommodate di erent time delays when multiple bit streams terminate in a single network element such as a long distance message switch. For this purpose, synchronous communications systems relies on accurate frequencies being available. CCITT Recommendation G.811 speci es that all clocks at network nodes should have a long term frequency departure 10 ,11 . Stratum 1 ST-1 is the highest quality clock for a network. Building Integrated Timing Supply BITS is the Bellcore's stand-alone clocksystem speci cation for a timing supply. BITS allows using LORAN Rubidium ST1 clock systems. In near future, they plan to use GPS frequency reference at each SONET site 41 .
To provide a high level of performance, AT&T has developed a primary reference clock PRC system using the timing signals from GPS. In PRCs, GPS receivers provide long term timing accuracy and rubidium oscillators provide short-term stability 10 . The GPS timing signal synchronizes a series of master clocks which in turn produce signals that are distributed throughout the network.
Potential Applications of GPS to Distributed Systems and Networks
In this section we discuss some of possible applications of GPS. Most of these are our ideas that need to be explored further for feasibility and cost e ectiveness. The applications using precise timing provided by GPS are discussed rst. Position applications are discussed afterwards.
Circuit Switching Using Synchronized Clocks
If all the clocks are synchronized, achieving circuit switching becomes easy. The switching schedule is precomputed and used to switch tra c slots. This is similar to synchronized lights on roads. The motorists do not have to stop if various lights have synchronized clock.
Synchronous Slotted Systems
Slotted systems are less sensitive to distance bandwidth product. Therefore, slotted access is more suitable for high-speed or long-distance networks. That is one reason why DQDB, which was being designed for metropolitan area network was slot based. Same reasoning leads us to use slotted access for very high speed networks. In fact, slotted architectures have been proposed for all-optical, multi-gigabit networks.
The main problem with slotted architectures is that a tight clock synchronization is required. This is now possible with GPS. In fact, in an all-optical ARPA research project, GPS clocks were planned at each switch and end-system.
Clock Synchronization in Distributed System
A distributed system's clocks should have the following properties. At a n y instant the values of the clocks at any two sites in the distributed should di er by no more than . At any instant the value of a clock at a site should di er from Universal time by no more than =2. The values assumed by any clock should be monotonically increasing. The rst property cannot beachieved absolutely, but only with some very high probability. Good clock synchronization is essential for ordering of events e.g., FCFS scheduling, consistent update of replicated data, at most once receipt of messages, authentication tickets in some systems e.g., Kerberos, ensuring atomicity, expiration of privileges, prearranged synchronization, ordering multi-version objects and interpreting data that is a function of time.
Issues to be handled in clock synchronization include the fact that clocks do not always run at the precise rate, sites in a distributed system cannot communicate in nitely often, there 
Database Synchronization
Most database synchronization algorithms after a failure or disconnected operation make use of logs with timestamp to decide the order of actions. With GPS synchronized clocks, time stamps have higher reliability and may have higher resolution.
Connectionless Real-time Communication
When trying to support delay guarantees on IP-like connectionless networks, one problem that comes up often is how t o s c hedule service and meet deadline guarantees. With accurate clock times, a deadline timestamp on the packet can be used to nd the next packet to schedule. Using GPS technology, one can achieve a near global clock at intermediate switches in a network. If all intermediate nodes have accurate clocks, an absolute time based real time communication protocol can be used to meet the deadline requirements. In this protocol each packet can be assigned an absolute time frame and all the intermediate points will schedule the communication to meet the deadline. Similar approach can betaken for scheduling subtasks of real-time and mission-critical applications. By maintaining a global clock, better guarantees can begiven.
One-Way Delay
Currently, one way delay is not measurable because the clocks at two stations are never same or synchronized. Even in the design of ATM networks, the issue of one-way delay came up. The ATM tra c management parameters are di erent for LAN, MAN, WAN, and GAN global area network. With GPS synchronized clocks at the source and destination, the exact one-way delay between source and destination and to every switch can beeasily measured with a single timestamp.
Delay Based Routing
Many networks including internet use link delays for routing. However, accurate measurement of delays is di cult and therefore, approximate or round-trip delay is used. With GPS, exact one-way delay can be used for routing.
Time to Live
The time to live" eld in packets is used to remove old packets from networks. Currently, the time-to-live eld is decremented by 500 ms regardless of actual delay. With GPS synchronized clock, time-to-live could be the actual time.
Diagnostics Maintenance of system clocks
A GPS frequency calibrator can be used to periodically check crystals in various equipment.
Resource Location
With the help of digitized maps and information about the environment o v er radio links or disks Mobile units can locate and use the nearest resources. The GPS derived position can also beused to locate replicated resources, e.g., the nearest printer or leserver in a mobile environment even in the event of failure of some resources. A location dependent server migration approach to provide location independent computing is possible with the use of GPS derived parameters.
Location Adaptive Protocols
Networking today is location transparent. All service scheduling decisions are made without regard to the location. There are many applications where knowing the location will help us adapt a di erent service strategy. Examples of such location-adaptive protocols are:
Home vs O ce vs Car
The location decides the physical medium wire, ISDN, modem, cellular, or radio available to the user and hence the available bandwidth, cost, and error characteristics. My laptop has a high bandwidth connection when at the o ce. It has 28.8 kbps connection from home. But from the car, it has an expensive and error-prone 14.4 kbps connection. GPS provided location information can beused to make mobile computing decisions including which les to fetch and at what speed.
Electronic Fence
Most companies have physical walls outside of which paper information is not allowed to pass. With GPS the same type of protection can beapplied to electronic information. The information is usable only as long as the mobile computer is within the corporate boundary.
Hando s in Wireless Networks
In cellular architectures, hando s take place when the mobile communicating unit moves into another cell inter-cell hando or when strong interference on the channel prevents communication over it intra-cell hando . In the former case, the connection has to be switched to a new base station and in the later case it can be handled by switching to a di erent channel. Hando s can be performed in a centralized fashion one central switch makes the decision or decentralized fashion mobile units make the decision. In hando s, the signal strength from various base stations is measured and a decision regarding a hando is made using the measurements obtained. Hando 's can bemade based on the GPS derived position. Using the information about cell boundaries and the position, a decentralized hando can be initiated. By this approach, passive listening to beacons can be avoided; complicated hando protocols can besimpli ed; intra-cell hand-overs can bedetected easily; many unnecessary hando s can beavoided; and intelligent and optimistic hando techniques can be employed.
Prescheduled Uninterrupted Hando s
One problem with signal strength based hando s is that it is di cult to predict the future. On the other hand, given location, velocity, and direction information, future location can beeasily predicted. Signal strength based hando s may cause some interruption in service as the packets sent to the previous base have to beforwarded to the new base. With GPS, the mobile units position, velocity, and direction information can be used to forecast the next base and prenegotiate the hand-over with all parties.
Adaptive Transmission Power Control Algorithm
Energy e cient computing and communication is a key factor to the success of mobile computing. The expected increase in the battery lifetime is only 20 over the next 10 years and mobile hosts will have limited available power. Adaptive power control algorithms try to optimize the power required for transmission. If the base is nearby, less power is used compared to when the base is far away. Such algorithms can use GPS derived position and direction information. These algorithms o er two fold advantage in cellular architectures by using less power and by allowing frequency reuse in the same cell. These algorithms can also be developed for mobile communications in the absence of base stations for peer-to-peer communication, for example, in battle eld communications.
Directional Antennas
Currently mobile units transmit energy equally in all directions. Only part of this energy the part that is transmitted towards the receiver is useful. The rest is lost in space. With GPS provided position, the antennas can be directional. This will help reduce the energy required, battery drainage, and, hence the weight o f the units. Directional antennas are particularly helpful for long-distance wireless communication, e.g., satellite communication.
Directional antennas also allow better packing density more users for the same space. With directional antennas, the mobile units can talk to the least-busy base unit even if it is not closest unit. This also helps in providing the minimum radiated RF pattern for covert communications.
Temporary Cell Partitioning for Congestion Avoidance
In cellular architectures for mobile communications cell splitting is a process of dividing a current cell to form new cells. This increases the reuse of spectrum and helps in reducing the congestion. This process requires prior preparation and usually a permanent change. Using position based hando s, digitized cell layout information and directional antennas, cell splitting may bepossible on a temporary basis. The above approach can also beused in case of base station failures.
Peer-to-peer Routing with Limited Range Receivers
Most of the civilian wireless communication today uses pre-established infrastructure such as base units. In military environment for example, operation desert storm, usually there are no pre-existing infrastructures. In such environments, it is better to use peer-to-peer communication where signals from one soldier are transmitted and forwarded by another. Each mobile unit acts as an end-system as well as a router. Each unit is aware of the GPS position of other units and uses this information to nd the shortest route to the destination.
To be e ective in these networks, optimum networking strategy must be adaptive with respect to the possible rates of platform movements. Approaches that use RF link quality a s the primary controlling parameters for the network routing decisions may not beadequate for highly mobile platforms. GPS provided position, heading, velocity, as well as, digital terrain topology information can be used in determining the optimum routing for packet data.
Email Delivery Based on Geographic Location
In wired networks, messages are routed based on an address. The addresses have no relation to the physical location. In some applications, one may want to multicast anycast to a particular geographic location. For example, one may want to address a message to all police cars near Stanford university on route 101. Such location addressing is feasible with GPS equipped receivers.
In particular one could build a Cellular data service" with towers all over the country. The GPS coordinates of the mobile unit will help in routing.
Distributed Robot Control and Navigation
GPS technology can be applied to robots for tracking and control purposes. Location dependent actions can also be performed. Intelligent robots can use position information usefully. Distributed robots a collection of robots for some task can be controlled better with GPS. Unmanned vehicles can navigate e ectively. Position based controls instructions can be executed by the robots location dependent actions.
Equipment Location Marking for Maintenance Crew
Service requesters mobile or stationary provide GPS location. Maintenance crew carry GPS to locate the equipment.
Current Limitations of GPS
The use of GPS technology poses some problems depending on the application, the type and size of the receiver being used and the type of access being allowed SPS PPS. Some of the problems are Selective Availability which degrades the achievable accuracies, low signal strength, weight and size of accurate GPS receivers, power consumption for mobile applications, temporary outage of the receiver as the receiver passes under obstructions, etc.
Due to the uncertainty o f a v ailability of GPS, GPS clocks can be used only for optimization not for operation. The systems should continue to work without the GPS. This is like cache memories. All systems work with or without cache. They work better with cache.
GPS Products and Services
The market for GPS devices was estimated to be $200 million sold in 1992 and could reach $500M in 1995. These devices include receivers, modems, simulators, range nders, robotic systems, and navigation modules.
GPS Receivers and Stations

General Purpose Handheld Receivers
Magellan NAV 1000, Magellan NAV 5000, Motorola Commando, Motorola Traxar, Rockwell Trooper, Trimble Path nder.
Land Vehicle Receivers
Rockwell PathMaster.
Mapping Receivers
Corvallis Mictrotechnology MC-GPS, Motorola LGT-1000 Lightweight GPS GIS Terminal, Sokkia Spectrum.
Aircraft Receivers
Ashtech ALTAIR AV-12.
14. 
Mobile GPS Card
Type II PCMCIA GPS sensor by T rimble $795. It has 3 channels tracking up to 8 satellites. Achievable accuracy is 100 meters. It has an acquisition time of less than 30 seconds and re-acquisition rate of 2-3 seconds.
Mobile GPS Gold Card
Di erential-ready Type II PCMCIA GPS sensor and development system from Trimble $1,595. Provides 2-5 meters accuracy in real-time.
Mobile GPS Intelligent Sensor 100
By Trimble Navigation $395 estimated. Trimble Navigation's low-end sensor. 
GPS Software Applications
A lot of commercial activity is being undertaken on the software front. Details of a few of the softwares are listed below. 
John Chance & Associates
The Omnistar system supplies the user with DGPS corrections in RTCM 104 format. The user receives correction signals from a commercial geostationary satellite. The system is fed by 10 di erential stations. The system requires the purchase a satellite receiver and signing a service contract. It costs around $6,000 for the service and $5,000 for the receiver. Through this system, corrections are available across the entire United States and much of Canada and Mexico.
Accqpoint
The Accqpoint system transmits DGPS correction signals in RTCM-104 format. Transmission is over FM subcarrier using Radio Data System RDS protocols. User needs to purchase a receiver around $300 and sign a service contract.
Cue Network Corp. & Di erential Corrections Inc
Nationwide di erential GPS network of local FM radio stations will provide position information, accurate to within ve meters. Will provide information for surveying, vehicle tracking and geographic information systems GIS. 
